I hope these con-tinuing stud1es may one day contribute to our understanding of the precise way in which chloropl~ll and its rele.tives eccoIT'..plish the 1)rim2:ry gy.ant'UlIl conversion into chemical potential i-lhich is used to drive~che carbohydra~ce 8:,/u"che3is reaction.
Even before 1940 the idea that the reduction of carbon dioxide to carbobydrate migh~G be a dark reaction separate from the primary qucmtum conversion act lias already extant, stemming most irill11cdiately from the com.parative biochemical studies of Cornelis van Hiel and tbe much earlier ,·iorl\: of F. F. Blacll;man and its interpretation by Otto Warburg.
The photOinduced production of molecular oxygen had been separated chemically and physically from the reduction of carbon dioxide by the demonstration of oxygen evolution by illwQinated chloroplasts. This
,·ras done y 0 ert~l uSJ.ng .erric J.ron as oxidoDt in tne place of' carbon dioxide. .~lese, in turn, lead to the production Of o~rgen from water and the simultaneous generation of high level reducing agents which can be used, together with whatever collaborators are required, to carry out the carbon dioxide reduction.
One of the principal difficulties in such an investigation as this, in which tbe machinery which converts the CO2 to carbohydrate and the substrate upon which it operates are made with the same at~ns, namelY, carbon and its near relatives} is that ordinary analytical methods will not allow us to distinguish easily between the machinery and its substrate. Em-ever, the discoverJ of the long-lived isotope of carbon, carbon-14,by Sa1'J1uel Ruben and Martin Kamen in 191~o5 provided the ideal tool for tb~tracing of the route e~ong which carbon diOxide travels on its.way to carbohydrate, represented in Figure 1 by the series of unknown materials, X, Y, Z, etc.
In 1945 it became apparent to us that carbon-14 would be available cheaply and in large amounts by virtue of tb€ nuclear reactors which had been constructed. With the encouragement and support of Professor Ernest O. Lawrence, the Director of the Radiation Laboratory in Berl~eley, we undertook to stUdy that part of the energy converting process of photosynthesiS represented by the carbon reduction sequence, making use of C~4 as our principal tool. UCRL-9966
The principle of the e:hj?eriment was simple. vIe lmew that ultimately the CO2 which enters the plant appears in all of the plant materials but primarily, and in the first instance, in carbohydrate. It vas our intention to shorten the time of travel to such an extent that we might be able to discern the path of carbon from carbon dioxide to carbohydrate 8S the radioactivity which enters with the CO2 passes tlurough the successive compounds on its 'Way to carbohydrate.
Preliminary experiments confirmed the idea that the absorption of C02 and its incorporation in organic material 'Was indeed a dark reaction. This waS easily established by exposing plants which had first been illuminated in the absence of carbon dioxide so as to store some of the intermediate high energy containing co~ound8, and then noting that these compounds could be used in the dark to incorporate relatively large amounts of CO2. HOifever, the products did not proceed very far along the reduction scheme under these conditions, and so we undertook to do the experiment in what we call a steady state of photosynthesis.
Plant Material
As the precision of our experiments increased, the need for more reproducible biological material also increased, and very soon we found it necessary to grow our Oivn plant material in as highly reproducible manner as possible. A very convenient green plant that had already been the subject of much photosynthetic research was the unicellular green alga, ChIarella, a I>hotomicrograph of which is shown in Figure 2 .
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Fig . 2 . Photomicrograph of ChIarella.
-7-
We developed methods of growing these organisms in a highly reproducible fashion, both in intermittent and continuous cultures, end it is with organisms such as these t.lJat most of our ,rork ,ras dODe. I hasten to add, hOI-rever, that the essential features of the cycle idth '",hich 've finally emerged ,rere demonstrated on a wide variety of' photosynthetic organisms, ranging from bacteria to the lUgher plants.
APparatus~! le exposures were initially performed 1n a si.mple apparatus (called a 'Lollipop' because of its shape, Figure 3 ) which contained a suspension of the a.lgae undergoing photosynthesis with normal C~. The initiation of our tracer experiment was accomplished by injecting into the nonradioactive carbon dioxide stream, or substituting for it, some C~4_ labeled CO2 for a suitable period of' time, ranging from fractiOns of a second to many minutes. At the end of the preselected time period, the organisms iVere killed by various methods, but principally by dropping the suspension into approxinately four volumes of alcohol. This stopped the enzymic reactions and, at the same time, began tbB extraction of the materials for analysis.
Early Analytical Methods
In the early worl~, -the classical methods of' organic chemistry were applied in our isolation and identification procedures, but it soon became apparent tl~at -chese were much too SlOi" and 1.Tould require extremely large amounts of plant material to provide us with the identification of' specific labeleu COmpOlll1ds. Here, again, we were able to call upon -9-our e:xperience during the 'tmr years in which ' t,;re htd used ion exchange columns for the separation of plutonium and other radioact.ive elements.
We made use of both anion and cation exchange columns, and soon discovered that the principal compounds in which we were interested, that ls, those which became C 14 radioactive in the shorter exposure times, 't{ere, indeed, anionic in character.
Because of the peculiar difficulty 1-1e found in eluting the principal radioactive components from anion exchahge resins, it became apparent that this radioactive material was a strongly acidic material and very likely had more than one anionic point of attachment to bind to the resin. Among these peculiarities was the fact that an ordinary carboxylic~id could be eluted relatively easily while the prinipal radioactive material would require either very strong acid or very strong base to bring it off. This, taken together with a number of o~ler chromatographic properties, led to the idea that these early products might very well be phosphate esters as well as carboxylic acids.
Amore detailed analysis of the precise conditions required to elute the material off the ion exchange columns suggested phosphoglyceric acid as a possibility. To a relatively large amount of algae was added as indicator a small amount of the purified radioactive material obtained from a small sample of algae exposed to radioactive carbon for a few seconds. This led to the direct isolation of slightly over nine milligrams of a barium salt which by classical organic procedures we were role to show to be the barium salt of 3-phosphoglyceric acid.
6
-10-Paper Chro;:1atoc;raphic Msthods About this time l~artin and Synge 7 had developed their method of partition cbTomatography "bleh 1-TaS particularly adapted for amino acid analysis because of the sensitivity of the colorimetric detection method.
He turned to this as our principal analytical tool. It "l7aS particularly suited to our needs because, llaving spread our unlillown material from the plant onto a sheet of filter paper by two-dimensional chromatography, "te could then find the particular components which we sought, namely, the radioactive ones, vrithout YJlowing their chemical nature beforehand. This
Was done by placing the paper in contact v11th photographic film, thus exposing the film at those points of the paper upon 1!hich ",ere located the very compounds in 'Vlhich "We were interested.
The result of such an experiment in ....hich the algae 'Vlere c:xposed to radioactive CO;::: for thirty seconds under ",rhat ve then thOUght 'Vlere steady state conditions is shmm in Figure 4 . The blackened areas on the film indicate the presence of radioactive compounds on the paper at those points. Such a chromato[:;ram and film as shown in Fie,'Ure 4 constituted our principal primary source of information.
It should be noted that this information resides in the number, position and intensity, that is, radioactivity of the blackened areas.
The paper ordinarily does not print out the names of these compounds, unfortunately, and our principal chore for the succeeding ten years was to properly label those blackened areas on the film. In this ;,ray after some ten yearn of "Torle by Tlk"l.11Y st.udents and collaborators, beginning uith Dr. And1.'CV A. Benson, lle liTere able to place nalUes on a large number of black spot.s on Figure 4 , as shOlm in Figure 5 .
It is perhaps 'tvorth not,ing that these two chromatograms are duplicate chromatograms of the srone ercract &nd aTc not identical chromatogramG, and -tile degree of reproducibility of the procedure is thus established. It "ms thus already clear that, in only thirty seconds the carbon has passed into a wide variety of compounds and that 'fe 1>70uld have to shorten the exposure time in order to get some Clue as to the earliest compounds into which C~is incorporated. This we did in a systematic way, and the result of a five second exposure is shown in Figure 6 .
Here 'ole began to see the dominance of the sugar-and sugar-acid phosphates. In shortening the exposure time still further, it became quite clearly apparent that a single compound dominated the picture in fractions of a second, amounting to over eighty or ninety percent of the total fixed radioactive carbon. This compound was phosphoglyceric acid.
T1Ja-c the phosphoglyceric acid 17as not the result of tb.e killing procedure but was actually present in the living organism is demonstrated by the fact that ",hen C~is .fixed by pre-illuminated algae in the dark under conditions in .""hich not much of the phosphoglyceric acid Clli'1 be reduced to the sugar level, a good .fraction of the three-carbon .fragment appears as alunine, as is shown in Figure 7 . Alanine is a stable compound and is no-t lil~ely to be formed from precursors by merely dropping the algae into the alcohol, and .1e can be confident that it was present in the livine; algae. In addit,ion, a 'Hide variety of killing procedures gave the same result. Thus the presence of phosphoglyceric acid itself in the living plant can be confidently presumed..
SUGAR DIPHOSPHATES
ZN-I968 Arnone; the earliest. GUGar phosphat.es which are shOim in Fit.'Ure 6
are the triose phosphate and the hc~wsc phosphe.te, and thus the succession from phosphoglyceric acid to hexoGe ,IaS immediately suggested. NOil, the phosphoglyceric acid being a three-carbon compound (and tae hexose With its six carbon atoms) reqUired further examination to determine which of the three carbon atoms were radioactive and in what order they became so. The same information was, of course, required for the hexose as well.
The PCA (phosphoglyceric acid) is readily taken apart following the hydrolysis of the phOl;lphate group, usually With acid, by OXidation, first with periodic acid under conditions which will produce the betacarbon as formaldehyde and which can be separated as the dimedon compolmd.
The residual two-carbon fragment may be further oxidized with the same reagent, or better with lead tetraacetate, to produce C~from the carbOxYl group and formic acid from the alpha-carbon atom. These are separately collected and counted.
vJe were thus able to show that in the very shortest times most of the radioactivity appears in the carboxyl group ofthe PCA and that radioactivity appears in the alpha-and beta-carbon atoms very nearly equally at later times.
A degradation of the hexose sugar showed that the earliest carbon atoms to be labeled were, and 4 (and these apprOXimately equally, although not necessarily exactly so) followed by labeling in carbon atoms land 2, and 5 and 6. The oovious relationship, then, bet'leen phosphoglyceric acid and the hexose was the one Sh01ffi in ;b'igure 8 in '7hich the It is interesting to note that rlJ.ther early in the fi:xation sequence a compound e.ppeared"llhich moved extremely SlO.,ly in both solvents (that is, remained near the origin particularly in~le acid solvent) and which upon extremely mild hydrolysis produced only labeled glucose. This ease of hydrolysis was even greater than that of glucose-l-phosphate, but the materiEJ,l v188 not glucose-l-phosphate. It was much later shovm to be the nucleoside diphosphoglucose, uridine diphosphoglucose, and its part in the synthesis of sucrose itself deduced from the presence of traces of sucrose phosphate, later searched for and found. The relationship, then, bet.reen phosphoglyceric acid and sucrose is illustrated in Figure 9· Origin of~losphOglyceric Acid
We now are ready to return to the question of the origin of the PGA We are left, then, with ·~he only remaining alterntive for the construction of the pentose, namely, the combination of a C s with a C 2 fragment. Again, the source of C3 fragments is clear enough, but the question of the source of the C2 fragment to go 't-7ith it requires some discussion.
At this point it should be remembered that we have already made a Cs fragment labeled in the No. 3 carbon atom. The ribulose labeling scheme, as shOiVn in Figure 10 , indicates that the next label to appear was in carbon atoms No.1 and 2. Thus it was not lli1til the realization occurred to UB that the ribulose which we 'tiere degrading and "\-lhich 'tie obtained from ""he ribulose diphosphate actually had its origin in t"\-lO different reactions that it became possible for us to devise a scheme for its genesis.
-26-By taking the tva-carbon fragment off the top of the sedoheptulose we could nullte two five-carbon compounds which, taken together with the five-carbon compound already formed, would produce the laeling acheme finally observed in ribulose diphosphate. This is shown in Figure 12 .
The enzyme which performs this two-carbon transfer is transketolase and is the same one we have already used to generate the tetrose required for heptose synthesis.
We have thus devised ways of generating from phosphoglyceric acid all of the sugars which appear on our early chromatograms: The triose, the various pentoses, the various hexoses, and the heptose. The earlier failure to succeed in selecting a specific sequence amongst these compounds is now understandable since all of them, that is, pentose, hexose and heptose, appear simultaneously following triose. As yet we had not discovered the compound originally pres~~ed to be the C2 compound, to which the carbon dioxide may be added in order to produce carboxyl-labeled phosphoglyceric acid.
CARBON-Ii'OURTEEN SATUP.ATION EXPERIMENTS:
CHANGES n~STP-.ADY STATE AND TRANSIENTS
In order to do this we devised a different type of eA~eriment. We recognized quite early that most of tbe compounds Which \w have so far mentioned, aside from sucrose, saturate with radioactivity very quicluy, and yet the amount of these materials present in the plant at anyone time is small and does not change. This suggested to us a method for -28-discoverinG not only how the lig~t might operate on the PGA, but also how the PGA might arise. He could use the radioactivity saturation levels for these compounds through vlhich carbon was 1'10l-linC to measure the totel wnount of active pool size of tbese compounds in the plant. We could then change one or another external variable and fo1101-l the resultant chances in the pool size of these compounds through ,illcn we knew the carbon to be flowing.
The first, most obvious and easiest external variable to be changed was the light itself. Figure 13 shows the first set of data taken by Peter MaGsini which not only demonstrates the early saturation but also q the effect of the lig)lt on the pool transients.~Here you can see that the PGA and the sugar phosphate are indeed very qUickly saturated but that the sucrose is not. It is apparent that upon turning 01'1'~che light there is an innnediate and sudden rj.se in the level of PGA accompanied by a corresponding fall in the level of the diphosphate area 1-lhich was primarily ribulose diphosphate.
Here He had our first definitive clue as to the origin of the phosphoglyceric acid. It "lvould appear that it ca.'TIc as a result of a darI\: reaction -beti{een the ribulose dipllospllat,c and carDon dioxide. We can now formulate the cyclic system drivenby high energy compounds produced in the light, acting upon phosphoglyceric acid which, in turn, is made as a result of a reaction between ribulose diphosphate and carbon dioxide as shown in Figure 16 . . . The next level of structure within the :amellae is only now beginning to be visible to us, and an example is shown for a spinach 22 chloroplast in Figure 23 .
Here diameter PSL (polystyrene latex) marker spheres.
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an e :xcited chloropbyll molecule, a problem that involves the physicist and physical chemist as well asihe organic and biochemists. The deterruination of the next stage in the energy conversion process is one of our irrrrnediate concerns. Either it is an electron transfer process, and thus comes close in~_+,s further stages to the electron transfer processes lThich are being explored in ml tochondria) 23 or it is some 20 independent non-redox method o:f energy conversion.
This remains :for the future to decide.
Chemical biodynamics, involving as it does the fusion o:f many scientific disciplines, will playa role in this problem, as it has in the elucidation of the carbon cycle. It Can be eA~ected to take &1 increasin/?,ly important place in the understanding of the dynamics of living organisms on a molecular level.
